The question of the existence of light sterile neutrinos is of great interest in many areas of particle physics, astrophysics, and cosmology. Furthermore, should the MiniBooNE experiment at Fermilab confirm the LSND oscillation signal, then new measurements are required to identify the mechanism responsible for these oscillations. Possibilities include sterile neutrinos, CP or CPT violation, variable mass neutrinos, and Lorentz violation. In this paper, we consider an experiment at a stopped pion neutrino source to determine if active-sterile neutrino oscillations with ∆m 2 greater than 0.1 eV 2 can account for the signal. By exploiting stopped π + decay to produce a monoenergetic ν µ source, and measuring the rate of the neutral current reaction ν x 12 C → ν x 12 C * (15.11) as a function of distance from the source, we show that a convincing test for active-sterile neutrino oscillations can be performed.
Introduction
The understanding of neutrino mass has undergone a revolution over the last ten years. Neutrino mass, via oscillations, is now experimentally established [1] . The Standard Model must now accommodate right handed neutrinos, ν R , that are sterile with respect to the weak interaction. The issue to be addressed is what is the mass of these sterile neutrinos? Although detector. The Lorentz violation model can be tested by looking for sidereal variations in the neutrino flux. These three tests will be discussed in more detail in a future paper. This paper discusses the first possibility, that of sterile neutrinos. To demonstrate activesterile neutrino oscillations directly, and achieve the best sensitivity, requires a two detector setup and a stopped pion neutrino source. The following sections describe how this can be done.
Intense Stopped Pion Neutrino Sources
To detect sterile neutrino effects in the mass range of LSND and above requires an intense source of well characterized neutrinos. Stopped pion decay from a low energy proton beam is such a source. Neutrinos from stopped pion decay have a well defined flux, well defined energy spectrum, and low backgrounds. Fortunately, accelerators that can provide such a source are either being built or are being proposed. The first such prospect is the 1.4 MW, 1.3 GeV, short duty-factor Spallation Neutron Source (SNS) at ORNL [16] , which is currently being built and will be fully commissioned by 2008. The second is a proposal for a 2 MW, 8 GeV, Proton Driver (PD) at FNAL [17] .
The dominant decay scheme that produces neutrinos from a stopped pion source is
followed by
The neutrinos from stopped π − 's are highly suppressed because the negative pions are completely absorbed in the surrounding material. Thus, neutrinos from the π − decay chain are significantly depleted and can be estimated from the measured ν µ ,ν µ , and ν e flux. Figure   1 shows the neutrino spectra and timing plots from a stopped pion source. As shown in the right hand plot, the ν µ energy is monoenergetic (E νµ = 29. to two sources, making the interesting situation of multiple baselines with a single detector.
A key component of the sterile neutrino measurement is the physical size of the stopped pion source, which adds an uncertainty to the neutrino path length. For the SNS, the compact liquid mercury target will contribute approximately 25 cm (FWHM) to the neutrino path length uncertainty. The FNAL source size should be of similar dimensions to minimize neutrino path length uncertainties.
Active-Sterile Neutrino Oscillation Measurements
The direct observations of active-sterile neutrino oscillations with ∆m 2 > 0.1 eV 2 can be achieved because of two key features of a short duty-factor stopped pion neutrino source.
Firstly, all active neutrino species (x = ν e , ν µ , ν τ ) can be efficiently measured using the superallowed neutral current reaction ν x 12 C → ν x 12 C * (15.11) [18] , where the C * (15.11) state has a 92± 2% branching fraction to the ground state [19] . A deficit of the neutral current rate in 12 C from expectation can only be from oscillations to sterile neutrinos. Secondly, using timing cuts relative to the beam spill, we can extract a mostly pure sample of 29.8 MeV monoenergetic ν µ events. In (3+1) models with ∆m 2 > 0.1 eV 2 , active-sterile oscillations can be approximated by two neutrino mixing. The oscillation probability can be expressed as:
Given these two features, we can observe active-sterile neutrino oscillations by measuring changes in the ν x 12 C → ν x 12 C * (15.11) rate as a function of L (in meters). Figure 2 shows the oscillation length as a function of ∆m 2 . Thus, a two detector configuration of the appropriate size and distances can achieve the desired sensitivity. A near detector greater than three meters in length and about 10-20 meters from the source will be sensitive to ∆m 2 > 20eV 2 . A second large detector (required to increase statistics because of decreasing 1/r 2 neutrino flux)
at 50-100 meters will be sensitive to ∆m 2 > 0.1eV 2 . Figure 3 shows a simple schematic of a detector setup that would allow sensitivity to sterile neutrino oscillations using the ν x 12 C → ν x 12 C * (15.11) channel.
A possible detector configuration at the SNS would be first a 25 ton fiducial volume (3.5 m on a side) liquid scintillator near detector at 18 m distance from the neutrino source. This is the homogeneous detector proposed by the ν-SNS collaboration to measure neutrino carbon cross sections [16] . The limited fiducial volume size of the near detector might be improved with future developments in flat PMT technology. Next would be a 500 ton fiducial volume liquid scintillator (6 m radius) far detector at 60 m distance from the neutrino source. Both designs would be similar to an LSND style detector, i.e. a mineral oil detector doped with butyl PBD scintillator to increase light output, instrumented with 25% photocathode coverage, giving approximately a 7% energy resolution for reconstruction of the 15.11 MeV gamma ray.
Both detector masses are quoted in fiducial volume, which is the useful volume available for reliable event reconstruction. To estimate NC neutrino rates in the near and far detector, we scale to the detection rate calculations in [13] , which have assumed a ν µ 12 C → ν µ 12 C * (15.11) cross section of 2.7×10 −42 cm 2 [18] . The Karmen collaboration has measured this cross section with limited statistics, getting a value of (3.2 ± 0.5 stat ± 0.4 syst ) × 10 −42 cm 2 [20] , is consistent with the calculated cross section.
For a proposed experiment at FNAL, we would not have space restrictions, allowing for larger near and far detectors. We assume a longer baseline, out to 100 m, and a detector size of 2 ktons (8 m radius), which would be required to keep roughly the same statistics. This would give a fiducial volume of 1.3 ktons (7 m radius). Table 2 shows the number of events expected per year for the ν x 12 C → ν The oscillation sensitity plots are generated from a simultaneous fit to both the L shape and to an overall event normalization. The event normalization requires knowledge of the ν µ flux times neutral current cross section (φ νµ × σ N C ). If we allow a generous 5% systematic error on φ νµ × σ N C , then Figures 6 and 7 show the resulting reduced sensitivity. However, a two detector setup allows relative φ νµ ×σ N C normalization. As well, with the many interaction channels for cross checks and the simplicity of the SNS neutrino beam, we might expect to get the φ νµ × σ N C errors down to 1%, which is much closer to the no systematic error plots.
If we consider just a single detector setup at the SNS, either near or far, Figures 8 and 9 show what might be expected for 5% φ νµ × σ N C errors. There is a good chance that the ν-SNS near detector will be built by 2008 for cross section measurements. Figure 8 shows that even this one detector has good sensitivity to active-sterile oscillations with parameters of ∆m 2 > 1 eV 2 and sin 2 (2θ) > 0.10 at 3σ. This interesting measurement can be performed in parallel to the neutrino carbon cross section measurement.
In figures 4 through 9, two black stars are plotted that correspond to the (3+2) model sterile neutrino solution ∆m 2 41 = 0.9 eV 2 , sin 2 (2θ 41 ) = 0.15, ∆m 2 51 = 22 eV 2 , sin 2 (2θ 51 ) = 0.19 [4] . This (3+2) model gives significantly better fits than (3+1) models [4] . Although the sensitivity curves are strictly for (3+1) models and cannot be directly applied to the (3+2) solutions, it can be seen that all beam/detector combinations will be sensitive to these solutions. It should be noted that the favored (3+1) solution from [4] is very close to the lower ∆m 2 (3+2) solution, and so this solution will have coverage at the 3σ to 5σ level.
Explicit treatment of (3+2) models is shown in figures 10 and 11. Here, rather than attempt to present experimental sensitivity, we present parameter determination of the (3+2) solutions.
(3+2) models cannot be approximated by a two neutrino approximation, and consequently sin 2 (2θ) can no longer be interpreted as before. We instead define sin 2 (2θ) as 4U 2 µn (1 − U 2 µn ), where U µn is the relevant element in the neutrino mixing matrix and n is the sterile generation label. In these figures, one of the two solutions is assumed and fixed. This is reasonable procedure since the two solutions have quite different characteristics, i.e. the low ∆m 2 is a rate suppression between two detectors, while the high ∆m 2 is rapid wiggles in L. This allows for easy separation of the two solutions. The resulting plot therefore shows the parameter determination at a single point in the full four dimensional parameter space, rather than a projection in this space. Both figures show that the parameter determination is excellent.
Conclusion
In the coming year, new physics beyond the Standard Model will be implied if MiniBooNE confirms the LSND oscillation anomaly. To understand whether active-sterile neutrino oscilla- 
